SUMMARY To assess the contractile state of the hypertrophied ventricle induced by long-standing systemic hypertension in 22 patients, we used echocardiography for the measurement of the ventricular diameter and posterior wall thickness, together with simultaneous recording of brachial arterial pressure. Meridional wall stress (WSt) was used for the expression of the force per unit cross-sectional area. The WSt-diameter relation obtained during dynamic responses to acute pressure reduction by nitroprusside infusion was compared with the same relation obtained in 10 normal subjects (posterior wall thickness averaged 0.7 cm [range 0.60.9 cm]) over a range of matched systolic pressure induced by methoxamine administration. In 15 patients in whom enddiastolic wall thickness increased to 1.1 cm (range 1.0-1.2 cm), the linear WSt-diameter relation at endsystole did not differ from the control group, indicating a normal level of inotropic state. In the seven patients with an end-diastolic wall thickness of 1.3 cm or more, the end-systolic WSt-diameter relation was clearly shifted to the right and had a less steep slope. These findings indicate that in advanced left ventricular hypertrophy induced by pressure overload, myocardial contractility may be depressed.
CARDIAC HYPERTROPHY is one of the fundamental mechanisms of adaptation to abnormal loading conditions; however, the effects of hypertrophy on myocardial performance are controversial. Although initial studies of severe pressure overload on the cat right ventricle demonstrated depressed function,1-3 more recent studies in similar preparations indicated a gradual improvement of the contractile state during subsequent weeks, thereby emphasizing the im-portant temporal relationship between the inotropic state level and the degree and duration of loading.4 Sasayama and colleagues developed an experimental model for chronic pressure overloading by aortic constriction of conscious dogs and serially assessed the ventricular function over several weeks." They found that the left ventricle responded to chronically elevated pressure by initial dilatation with increased wall stress and then gradual development of hypertrophy with a consequent reduction in wall stress to near-normal states. Wall stress-diameter loops during a single contraction were then analyzed over a range of matched systolic pressures during acute aortic constriction before and after induction of chronic hypertrophy produced by sustained aortic constriction. The linear relation between left ventricular (LV) diameter and wall stress at the end of ventricular ejection was the same in control and hypertrophied hearts.6 They concluded that in successful adaptation to the pressure overload, hypertrophy per se did not produce intrinsic depression of the myocardial inotropic state.6 However, these experimental overloads were acutely in-duced and did not simulate completely the situation commonly found in human disease. In the present study, we used echocardiography combined with simultaneous arterial pressure measurements to assess the contractile state of the hypertrophied left ventricle in patients with long-standing systemic hypertension by analyzing the end-systolic wall stress-diameter relation.
Materials and Methods
Our study groups were composed of 22 hypertensive patients and 10 normal volunteers. The patients had not ingested any medication before the study. No patient had a history of congestive heart failure, angina pectoris or myocardial infarction, nor did any patient have an interventricular conduction defect.
A 19-gauge intravenous cannula was inserted by percutaneous puncture into a brachial artery and was connected by a fluid-filled tube to a Statham P23Db strain-gauge manometer for the simultaneous measurement of arterial pressure with LV echocardiogram. In normal subjects, a solution of methoxamine was infused over 5 minutes in a quantity sufficient to increase the systolic arterial pressure to approximately 30% above control. In the hypertensive patients, a solution of sodium nitroprusside (25 mg/500 ml) was slowly infused until the peak arterial pressure was decreased by about 30% of the initial value. LV dimension and pressure were recorded continuously during each intervention ( fig. 1 ).
Echocardiograms were obtained with ALOKA SSD 80 (ALOKA Limited, Japan) using a 2.25-MHz, 10-mm piezoelectric transducer with a repetition rate of 1000 impulses/sec and continuously recorded at a paper speed of 50 mm/sec by Electronics for Medicine VR6 recorder. ECGs and phonocardiograms were simultaneously recorded. Patients were placed in the partial lateral decubitus position with the transducer in the third or fourth intercostal space just to the left of the sternum. The transducer was directed slightly laterally and inferiorly to obtain echoes from the endocardial surface on the left and right side of the ventricular septum and the posterior LV wall at the chordal position.
Internal dimensions were measured from the LV surface of the interventricular septum to the endocardial surface of the posterior wall of the left ventricle. LV posterior wall thickness was measured as the distance between the endocardium of the ventricular posterior wall and the origin of the epicardial echo obtained during electrical damping of the ultrasonic signal. The end-diastolic point was measured at the peak of the R wave of the ECG. The end-systolic point was defined to coincide with the initial component of the second heart sound. The changes in LV transverse dimension can be estimated accurately when such changes are greater than the axial resolution of 2.25-MHz ultrasound in body tissue. According to Redwood et al., any anticipated change in the LV dimension induced by various maneuvers could not be detected until the end-diastolic volume changed by at least 5%.7 Thus, in the present study the hemodynamic effects were produced by each intervention exceeded limitation of ultrasonic resolution. Echocardiography if acceptably accurate in reproducing the same m.easurement in the same patients.8 The potential artifact could be caused by measuring ventricular dimension from beat to beat during different respiratory phases with rotation of the heart. However, the respiratory change in end-systolic diameter (ESD) at the resting state was 2% in our 20 patients, this being in agreement with the observation of Brenner and Waugh.9
The LV ejection time was measured using a simultaneously obtained brachial arterial pressure. The mean velocity of circumferential fiber shortening (mean Vcf) was calculated as mean Vcf = (EDD -ESD)/ET/EDD (1) where EDD is end-diastolic diameter and ET is ejection time. LV muscle mass cross-sectional area (CSA) in a transverse plane, used as an index of LV mass, was calculated from the echo dimension and wall thickness at end-diastole:
where EDD is end-diastolic diameter and EDWTh is end-diastolic posterior wall thickness.
Wall stress (WSt) was calculated by the equation
where P is peak arterial pressure, Ri is LV internal radius, Ro is left ventricular external radius, D is LV diameter measured by echocardiogtaphy, and WTh is LV wall thickness. This is an exact expression for the average meridional wall stress which may be defined as the force per unit area acting at the equatorial plane of the ventricle in the direction of apex-to-base axis. This method of wall stress calculation has the advantage that the expression is independent of the long axis of the chamber.10 End-systolic wall stress was approximated with data on the dimension at end-systole and peak arterial pressure, which was based on the assumption that during normal contraction, changes in peak arterial systolic pressure generally reflect similar changes in LV systolic pressure1' and that peak systolic pressure is sustained until the end of ventricular ejection.8 Although the cause has not been determined, the pulse wave clearly undergoes several characteristic transformations as it traverses to the periphery, and peak systolic pressure in the brachial artery usually exceeds that in the central aorta.'2 Nevertheless, a comparison of relative changes in peak systolic pressure can be made from peripheral arterial pressure pulse so long as these changes are measured in a consistent fashion. Peak arterial pressure and end-systolic wall stress were plotted against end-systolic LV diameter during pressure change in each subject. These points obtained in a series of beats during a single pressure change were linearly related.8 The slopes and intercepts of these relations obtained by least fitting to linear regression were then compared between normal and hyper-
scm .5 sec FIGURE 1. Echocardiogram of the left ventricle obtained from a hypertensive patient at the basal state (upper panel). Electrocardiogram (ECG), phonocardiogram (PCG), and brachial arterial pressure (BAP) were recorded simultaneously. With acute reduction in the peak systemic pressure by nitroprusside infusion, there was a significant decrease in the left ventricular size with marked increase in stroke excursion (lower panel).
--trophied ventricles. A paired or unpaired t test was used for statistical analysis.
Results

Normal Group
This group included 10 subjects ranging in age from 21-30 years (mean 26 years). The average peak systemic pressure in the normal control group was 119 mm Hg and chamber diameter and wall thickness at end-diastole were an average of 4.8 and 0.7 cm, respectively (table 1) .
Peak systolic pressure was elevated gradually to 164 mm Hg with administration of methoxamine. Thereby, LV EDD was augmented by 8% over the control value with an increase in LV ESD by 16% from 3.1 cm. End systolic wall stress increased from the control value of 72.3 to 119.8 g/cm2 at the conclusion of the loading. The shortening during ejection was reduced and the mean Vcf was decreased from 1.28 to 1.06 circ/sec (table 1). The points relating ESD to peak arterial pressure and to end-systolic wall stress in each series of beats appear to form an approximately linear relation ( fig. 2 ). The average regression line of end-systolic pressure-diameter relations obtained by the least-squares method had a slope of 81.9 and an intercept of -129.7. For the wall stress-diameter relation at end-systole, the slope averaged 90.0 and the intercept -203.6 (table 2).
Hypertensive Group
The hypertensive patients were divided into two groups on the basis of LV posterior wall thickness. Group 1 patients had an end-diastolic wall thickness of less than 1.3 cm and group 2 patients had a wall thickness of 1.3 cm or more. In group 1, the linear regression lines of end-systolic stress-diameter data were relatively steep and overlapped with those obtained in the normal group. In group 2, the regression lines were less steep than those in group 1 and in the normal group and were clearly downward and to the right.
Group 1
This group included 15 patients ranging in age from 34-76 years (mean 53 years) in whom peak arterial pressure averaged 183 mm Hg (154-221 mm Hg). The duration of the hypertension averaged 5.8 years. On the individual ECGs, there was a distinct LV hypertrophy as assessed by voltage criteria, and in two of 15 patients the ST depression was less than 0.5 mV. The cardiothoracic ratio in the chest x-ray averaged 0.51, which was normal or slightly enlarged. LV posterior wall thickness at end-diastole averaged 1.1 cm (range 1.0-1.2 cm). End-diastolic and end-systolic chamber diameters were 4.7 and 3.0 cm, respectively. The cross-sectional area of the LV wall showed an increase of 53% over the value in the nor-mal group, thereby providing clear evidence of hypertrophy (table 1) .
With infusion of nitroprusside, peak brachial arterial pressure was decreased to an average of 133 mm Hg and was associated with a slight but significant increase in heart rate, from 72 to 80 beats/min. EDD was reduced by 9% and ESD decreased by 15% from the control values before administration of the drug. End-systolic wall stress was reduced from the control value of 76.3 g/cm2 to the final value of 35.6 g/cm2. The mean Vcf was augmented by 26% above the control value of 1.29 circ/sec (table 1). The pressure-diameter relation at end-systole was clearly shifted to the left of those in the normal group ( fig. 2 ). End-systolic wall stress values were significantly less in the hypertrophied group at the same pressure levels as a consequence of the smaller end-systolic chamber size together with increased wall thickness due to hypertrophy. Therefore, the straight lines connecting end-systolic points in wall stress-diameter relations of the normal group and of the hypertensive group 1 were statistically indistinguishable in terms of slopes and intercepts (table 2, fig. 2 ).
Group 2
This group included seven patients ranging in age from 27-62 years (mean 43 years). There was no significant difference in age between patients in groups I and 2. The duration of the existing hypertension averaged 9.0 years and tended to be longer than that of group 1, but the difference was not statistically significant. At the basal state, peak arterial pressure averaged 173 mm Hg (range 150-196 mm Hg). Each patient met the electrocardiographic criteria of LV hypertrophy. In all patients there was an inverted T wave, and six of seven patients had a significant myocardial strain with ST-segment depression of more than 0.1 mV. The cardiothoracic ratio was increased to 0.53.
End-diastolic LV posterior wall thickness averaged 1.5 cm. EDD averaged 5.0 cm and ESD averaged 3.4 cm. Increase in muscle mass was more prominent than in group 1, the cross-sectional area being augmented by 137% over the control group (table 1) .
During nitroprusside infusion, peak arterial pressure was reduced to an average of 124 mm Hg, with an increase in heart rate from 63 to 72 beats/min. EDD and ESD were diminished by 9% and by 16% from the control values, respectively. End-systolic wall stress decreased from 66.9 to 33.9 g/cm2. The mean Vcf averaged 1.13 circ/sec before the administration of nitroprusside (not statistically different from normal group) and was increased to 1.43 circ/sec as a result of afterload reduction (table 1) .
Although the regression lines relating end-systolic pressure to ESD of normal group and hypertensive group 2 were statistically indistinguishable in terms of slopes and intercepts, the linear wall stress-diameter relations at end-systole were distinctly lower than those observed in the normal group and group 1, having the significantly less steep slope of 60.6 (table 2, fig. 3 ).
Discussion
In the isolated papillary muscle, the length-tension relation produced by isometric contractions is similar to that obtained with isotonic contractions induced by various forms of afterloading.'3, 14 Thus, under a given load, the muscle shortens to the same final length independent of the initial resting muscle length. The relative position of the active tension curve is determined by the level of the inotropic state.
Sasayama and Kotoura recently demonstrated that pressure-diameter loops could be generated during ventricular contraction by means of simultaneous recordings of echocardiography and a high-fidelity, catheter-tipped manometer. 15 The instantaneous relations between end-systolic pressure or stress and ESD were plotted in a series of beats during a single pressure loading produced by methoxamine infusion, and the points at the end of shortening were shown to form a linear relation. A positive inotropic intervention with isoproterenol produced a consistent displacement of these relations upward and to the left and the depression of inotropic state by propranolol shifted the relations downward and to the right.'5 Thus, the results obtained by an echocardiographic approach for the analysis of end-systolic pressure-diameter or stress-diameter relation in man are consistent with the findings described in animal experiments6 [16] [17] [18] [19] in the intact hearts with various overloading or in isolated heart preparations contracting isotonically.20 21 Wall stress-diameter relation, which generally approximated the isovolumic length-tension relation, was regarded as a sensitive measure for the assessment of myocardial contractile state in man. 15, 22 In the present study, we extended this same approach to assess contractility of the hypertrophied ventricle in patients with systemic hypertension. As shown in the experiments of Mahler et al.,19 the analysis we used has the advantage that the responses are independent of the resting fiber length and magnitude of contraction due to the difference in preload or heart rate.
However, possible criticism of the methods used in this study should be given attention.
First, we assumed that the inotropic state of the left ventricle remained constant at different levels of afterload during pharmacologic interventions. Although the agents used to induce pressure change have little or no direct effect on cardiac contractility,23-25 it has not been completely clarified whether the baroreceptor- Abbreviations: p = probability compared with the values of normal group; p' = probability compared with the values of hypertensive group 1. mediated sympathetic activity associated with the pressure change does alter the inotropic state. In previous animal experiments, when sustained aortic constriction was abruptly released, acute reflex or neurohumoral influence was shown to be insignificant, since contractile responses remained much the same under basal conditions 24 hours after the release." Other observations that little effect was elicited in peak dP/dt with increasing heart rate in the conscious animal26 or with altered afterload in patients22 provided additional evidence that centrally mediated reflex changes did not play a significant role in the inotropic alteration and were apparently of little importance in the regulation of contractility of the normal heart. If there had been any sympathetic effect it would be expected to give results in the reverse direction to those observed in group 2 and therefore, any sympathetic effect would not invalidate the conclusion.
The second assumption was to regard end-systolic pressure as corresponding to the peak pressure. Recently Suga et al. reported that the end-systolic point of the pressure-volume loop should be identified as the point touched or the one closest to the isovolumic pressure-volume relationship curve.27 In the naturally ejecting ventricle, the pressure-diameter loops exhibited a parallelogram with varying degrees of inclination toward the left.6' 19 Thus, the end-systole manifested itself as the sharp upper left corner of the pressure-diameter loop, where the ventricular pressure was maximal.
In the present study, the intercepts of the pressure (or wall stress)-diameter regression lines on the dimension axis were not identical. The statistical result showed a significant depression of steepness of the slope in the hypertensive group 2, although the slope of the regression lines did not change in one case. Suga and colleagues developed the concept of the heart being a time-varying elastance or reciprocal compliance, and demonstrated that the linear regression lines of instantaneous pressure-volume relation increased in slope with time and that the volume axis was intercepted at nearly equal positive values. They termed the time dependent slope (a ratio of pressure and volume) E(t) and constant volume axis intercept "-dead volume" (Vd). Thus, they represented the peak value of E(t) by Emax and suggested that this ratio could be used as a new index of ventricular contractility.28 However, in the intact left ventricle of conscious dogs or humans, the end-systolic pressurediameter relation, which was substituted for the pressure-volume relation19' 28 on the basis of the findings of direct proportion of the LV internal diameter to the internal volume,29 showed a parallel shift with a change in the inotropic state.19' 28 Thereby, the steepness of the slope alone did not necessarily reflect the ventricular contractile state. Although the discrepancy between these findings and those obtained in the excised cross-circulated left ventricle of the dog has not been clarified, the relative position of the pressure-diameter relation seems to be more representative of the basal inotropic state. Finally, in an attempt to evaluate the mechanical property of the variably hypertrophied ventricle, the use of wall stress is preferable to that of pressure for representing the tension borne by the myocardium, since increase in muscle mass necessitates a decrease in the tension per unit of myocardium.30 Although there may be some controversy as to whether or not the pressure (or wall stress)/diameter ratio actually reflects the contractile state of the ventricle with abnormal shape, as induced by dilatation or hypertrophy,28 we used this analysis on the basis of the findings in previous studies of Sasayama et al., in which this method was validated in the hypertrophied ventricle.6 Here the end-systolic relations between wall stress and diameter were not different in control and hypertrophied ventricles, and these results were also consistent with the results obtained from the forcevelocity analysis. 6 Recently Karliner et al. studied the mechanical performance of the hypertrophied heart using echocardiography and reported that in the majority of patients with LV hypertrophy, as induced by systemic hypertension, the ejection phase indexes remained normal in the basal state.3' The results of the present study also indicated that mean Vcf in the two hypertensive groups did not differ from that in the normal group. However, an analysis of wall stressdiameter relation clearly differentiated the two groups.
While in hypertensive group 1, the end-systolic pres-sure-diameter relation was seen to shift to the left of that in the normal group, the end-systolic wall stressdiameter relation fell on the same line, indicating that the moderately hypertrophied ventricle exhibited hyperfunction as a pump but that the myocardium was in a normal inotropic state. These results were consistent with findings in animal experiments. 6 Hypertensive patients in group 2 had a more marked thickening of the LV wall. Six of seven patients in this group showed remarkable ST-segment changes in ECGs, and these changes may be ascribed to unknown repolarization changes caused by increased muscle mass; however, there was no direct correlation between measured posterior wall thickness and the magnitude of ST depression in these patients. This may possibly be because increased wall thickness itself does not necessarily indicate the severity of structural changes of myocardial cells that may alter the electrical activity on transmembrane action potential durations.32 The stress-diameter relation at endsystole of this group was clearly displaced downward and to the right, indicating a depressed inotropic state of the myocardium in these ventricles. The enddiastolic chamber size tended to be enlarged in this group. Thus, we postulate that the shortening characteristics can be maintained normal through the use of the Frank-Starling mechanism.
Although there was a difference in age ranges between control and hypertensive patients, the endsystolic wall stress-diameter relation between hyper- tensive group 1 and the normal group was not distinguishable, indicating that aging did not influence myocardial contractility. Furthermore, because there was no difference in age between groups 1 and 2, the observed results could not be related to the effect of aging. Pfeffer et al. studied the cardiac pumping ability during the natural development of LV hypertrophy in spontaneously hypertensive rats. They demonstrated a sequential transition from an earlier stable stage of hypertrophy in which the increased LV wall maintained its pumping ability, to a later stage of progressive deterioration of myocardial function in the ventricle with massive hypertrophy in which there was a loss of the normal relationship between ventricular mass and pumping ability.33 Laks et al. observed in the right ventricle of pulmonary arterial banded dogs that a gradual increase in the number of sarcomeres per cell decreased the wall tension and chamber volume initially; however, the myocardium subsequently responded to the wear-and-tear process in the later stage in which fibers began to necrose, rendering a smaller number of sarcomeres that maintained the same volume.34 This sequence of events is also similar to those three definite stages of development of hypertrophy described by Meerson in aortic constricted animals.35 In the first stage of m'yocardial damage, contractile function is impaired and in the second stage, the stable hyperfunction results in a restoration of normal cardiac function with an increase in myocardial mass. However, in the third stage there is a gradual deterioration of myocardial function, leading to overt failure.35 Additional studies remain to be done to elucidate how and when these changes overcome the physiologic adaptations and induce heart failure. SUMMARY In this investigation we determined the reproducibility of radionuclide measurements of left ventricular ejection fraction, end-diastolic volume, end-systolic volume, stroke volume, pulmonary transit time, pulmonary blood volume and cardiac output in 10 normal subjects. First-pass radionuclide angiocardiograms were performed at rest and during upright, submaximal bicycle exercise on day 1 and day 3.
The resting heart rate for the group decreased from 79 i 17 beats/min on day 1 to 71 ± 14 beats/min on day 3 (p < 0.01). This biologic variation probably contributed to the small but significant decreases in ejection fraction (62 7 to 59 ± 7%, p < 0.05) and cardiac output (7.7 + 1.9 to 6.6 ± 1.5 l/min, p < 0.02), and the increase in pulmonary transit time (5.8 1.6 to 6.2 ± 1.3 seconds, p < 0.05) between day 1 and day 3. The mean variabilities in ejection fraction, cardiac output and pulmonary transit time were 4.0 ± 3.8%, 1.24 ± 1.23 1/min and 0.65 ± 0.64 second, respectively. No significant differences between studies were observed in resting end-diastolic volume, end-systolic volume and stroke volume. The mean variability in enddiastolic volume was 9.9 ± 5.1 ml. Heart rate varied less during exercise to the same work load, and only pulmonary transit time and blood volume differed significantly between studies. During exercise the mean variabilities in ejection fraction, enddiastolic volume, cardiac output and pulmonary transit time were 3.2 ± 2.5%, 9.8 ± 6.2 ml, 1.59 ± 0.67 1/min and 0.25 ± 0.25 second, respectively. Radionuclide measurements of left ventricular function are highly reproducible if obtained under comparable hemodynamic conditions. RADIONUCLIDE ANGIOCARDIOGRAPHY, a simple, noninvasive method for evaluating cardiac performance at rest and during exercise, is useful in a wide variety of clinical settings. Radionuclide measurements of left ventricular ejection fraction (EF), volumes and cardiac output (CO) correlate closely with those obtained by contrast ventriculography and dye-dilution techniques.'-' Because sequential studies can be easily performed, radionuclide angiocardiography appears ideally suited for studying the natural course of heart disease and determining the effects of medical and surgical interventions. However, the reproducibility of radionuclide measurements at rest and during exercise has not been adequately assessed. This information is needed to differentiate random variation from a true physiologic change in hemodynamic measurements obtained by this new technique. To assess the reproducibility of the radionuclide measurements, rest and exercise studies were performed 2 days apart in 10 normal subjects. The methods used to evaluate these studies were developed and validated at this institution.'-',`Each study was analyzed by two technicians, and the average of these two measurements on day 1 was compared with the average on day 3. These observations in normal subjects provide a frame of reference for the analysis of sequential radionuclide angiocardiograms in patients with cardiac disorders.
